Background: Osteoclasts, specialised bone resorbing cells regulated by RANKL and M-CSF, are implicated in rheumatoid joint erosion. Lymphocyte-monocyte interactions activate bone resorption, this being attributed to tumour necrosis factor a (TNFa) and interleukin 1 b (IL1b) enhanced osteoblast expression of RANKL. In animal studies, TNF potently increases osteoclast formation in the presence of RANKL. RANKL-independent osteoclastogenesis also occurs, though IL1 is required for resorptive function in most studies. These inflammatory cytokines have a pivotal role in rheumatoid arthritis, Objective: To study the interactions of TNFa and IL1b with RANKL, particularly the time course of the interactions and the role of lymphocytes.
Method: Cultures of lymphocytes and monocytes (osteoclast precursors) or of purified CD14
+ cells alone (osteoclast precursors) were exposed to various combinations of TNFa, RANKL, and IL1b or the inhibitors osteoprotegerin, IL1 receptor antagonist, or neutralising antibodies to RANKL or to IL1. Osteoclastogenesis and resorptive activity were assessed on microscopy of dentine slices. Results: TNFa potently increased osteoclast proliferation/differentiation in the presence of RANKL. This effect was greatest when RANKL was present before but not after exposure of osteoclast precursor cells to TNFa. The resorptive activity of osteoclasts generated by TNFa in the absence of RANKL was critically dependent upon IL1, which was expressed by lymphocyte-monocyte interaction. Conclusion: TNFa potently enhances RANKL mediated osteoclast activity. Interactions between TNFa and IL1 also result in osteoclastic activity independently of RANKL. These findings will inform therapeutic approaches to the prevention of joint erosion in rheumatoid arthritis. O steoclastic bone resorption has been implicated in the pathogenesis of joint erosion in rheumatoid arthritis (RA). 1 2 Osteoclasts form from circulating monocytic precursors in the presence of the key signal RANKL (receptor activator of nuclear factor kB ligand). 3 These cells also require monocyte-colony stimulating factor (M-CSF), 4 both factors normally being expressed by osteoblasts during physiological bone remodelling. Expression of RANKL has been demonstrated in rheumatoid synovial T cells and fibroblasts. [5] [6] [7] However, as T cell expression of RANKL occurs on activation in most inflammatory settings, it is likely that the osteoclast formation in RA is a consequence of a highly osteoclastogenic environment which involves interactions between RANKL and other (inflammatory) signals, and between the monocytic precursors of the osteoclasts and other cell types.
Lymphocytes and macrophages interact in the generation of tumour necrosis factor a (TNFa) and interleukin (IL)1, cytokines pivotal in the pathogenesis of the joint inflammation and damage. 8 9 Interactions between lymphocytes and monocytes have also been demonstrated in the production of an ''osteoclast activating activity''. 10 As these studies used whole (fetal rat) bone cultures, it was unclear whether this osteoclast activating activity was mediated by marrow stromal cells, by osteoblasts on the bone surface, or directly affected bone resorbing osteoclasts. The soluble factors were subsequently identified as TNFa and TNFb 11 and IL1b, 12 cytokines that act indirectly by up regulating osteoblast expression of RANKL. 13 More recently, in vitro studies using soluble RANKL without stromal/osteoblast cells have explored the direct effects of these cytokines on osteoclast precursors. Some authors have reported RANKL-independent TNFa effects on osteoclast precursors, [14] [15] [16] whereas others have suggested that simultaneous 17 or prior 18 exposure to RANKL is necessary. Furthermore, while TRAP positive multinucleate osteoclastlike cells formed in all cases, the addition of IL1 was essential for, 15 or significantly increased, 14 the resorptive function of these cells. Using human precursor cells, Lader and Flanagan demonstrated that both cytokines increased osteoclast resorptive activity from human bone marrow cells and that the effect was critically dependent on the synthesis of prostaglandin E 2 . 19 These authors found that IL1a increased osteoclast cell number (defined as vitronectin receptor positive cells).
Given the importance of these cytokines in RA, we wished to understand better the interactions between RANKL, TNFa, and IL1b and their time course in osteoclastogenesis and activation from human peripheral blood mononuclear cells (PBMCs). In view of the potential interaction between monocytes and lymphocytes in osteoclastogenic cytokine responses 10 20 a particular aim of our study was to compare outcomes in cultures of mixed PBMCs (comprising Abbreviations: CTR, calcitonin receptor; IL1, interleukin 1; IL1Ra, interleukin 1 receptor antagonist; M-CSF, monocyte-colony stimulating factor; OPG, osteoprotegerin; PBMC, peripheral blood mononuclear cell; RA, rheumatoid arthritis; RANKL, receptor activator of nuclear factor kB ligand; TNFa, tumour necrosis factor a lymphocytes and monocytic osteoclast precursors) and purified CD14
+ cells (monocytes including the osteoclast precursor). 21 
MATERIALS AND METHODS

Materials
''Culture medium'' for osteoclastogenesis comprised Eagle's minimum essential medium with penicillin, streptomycin, and glutamine (both from GibcoBRL) and 10% heat inactivated fetal calf serum (Autogen Bioclear). Human recombinant soluble RANKL, TNFa, IL1b, IL1 receptor antagonist (IL1Ra), and osteoprotegerin (OPG) were from Insight Biotechnology. Human recombinant M-CSF, and neutralising antibodies to RANKL (TRANCE), IL1a, and IL1b were from R&D Chemicals. Magnetic cell separation and flow cytometry reagents were from Miltenyi Biotech except RPE conjugated anti-CD3 antibody (Dako). A polyclonal antibody to calcitonin receptor was purchased from Santa-Cruz (sc-8859).
Cell separation
PBMCs were isolated from the freshly obtained whole blood of normal healthy donors by density gradient centrifugation (Histopaque-1077). The unsorted PBMCs were resuspended in culture medium at 5610 5 cells/100 ml for culture or resuspended in phosphate buffered saline buffer and incubated with magnetic bead conjugated antibodies according to the manufacturer's protocol. Briefly, cells were incubated with anti-CD3 conjugated beads (10 minutes at 4˚C), washed, resuspended, and passed through a separation column mounted in a magnetic field. The unbound fraction was collected and incubated with anti-CD14 conjugated antibodies (10 minutes at 4˚C), washed, resuspended, and separated as before, collecting the CD14 + cells. These were washed twice in medium then resuspended at 2610 5 cells/ 100 ml. On each occasion, aliquots were fixed in 4% paraformaldehyde and incubated with FITC conjugated anti-CD14 or RPE conjugated anti-CD3 antibodies, or with dual conjugate-negative control immunoglobulin for FACS analysis.
Osteoclast cultures and bone resorption assay Methods were adapted from published reports. 21 Unsorted PBMCs or purified CD14 + cells were added to dentine slices (4 mm 2 ) in the wells of a microtitre plate. After overnight incubation (37˚C in 5% CO 2 ) in the cytokine combinations described below, slices were moved to a 664 well plate for 14 days culture. Media were completely removed and replaced with fresh media and cytokines every 2-3 days. M-CSF 25 ng/ml was present in all cultures and is abbreviated as +M in each experimental condition described below. To determine the dose-response to TNFa, PBMCs were cultured in 30 ng/ml of RANKL with TNFa 0.1, 1.0, or 10 ng/ ml (all +M), after which TNFa was used at 1 ng/ml in all subsequent experiments. Synergism between RANKL and TNFa was tested in cultures of PBMCs or CD14 + cells with RANKL 5, 15, or 30 ng/ml (+M) and TNFa 1 ng/ml. In other experiments, cells were cultured in M-CSF 25 ng/ml, adding RANKL 30 ng/ml and/or TNFa 1 ng/ml at the beginning (day 0) or after complete removal of culture media on day 4, 7, or 10. RANKL-independent osteoclastogenesis from cultures of cells with TNFa was tested by omitting RANKL or by adding OPG (200 ng/ml, a previously determined saturating dose) or neutralising antibody to RANKL (5 mg/ml) immediately after cell separation and thereafter at each exchange of media. IL1b (10 ng/ml) was added to cells cultured in RANKL 30 ng/ ml (+M) during either the first or second week of culture. In later experiments, IL1b (10 ng/ml), the inhibitor IL1Ra (20 ng/ml), or neutralising antibody to IL1a (1 mg/ml) or to IL1b (1 mg/ml) was added to CD14 + cells in TNFa 1 ng/ml (+M, without RANKL) and compared with control conditions (RANKL 30 ng/ml +M).
At the end of the culture period, dentine slices were stained for TRAP activity or fixed and stained by an indirect immunoperoxidase technique for calcitonin receptor (CTR). After examination of this staining by light microscopy, cells were removed and the dentine slices were stained with toluidine blue (0.1%) and examined under reflected light microscopy using image analysis software (Lucia G) to calculate the area of resorption.
Data analysis
The mean area (and standard deviation) of resorption for four to six dentine slices in each experimental condition was calculated, experiments being repeated in triplicate. Data were compared using the unpaired t test, first performing logit transformation to normalise data where necessary (see ''Results'').
RESULTS
Flow cytometry of separated cell populations
Unsorted PBMCs comprised mainly lymphocytes (,60%) and monocytes (,12%). After depletion of CD3 cells, a highly purified (.99%) population of CD14 + cells was obtained by positive selection.
TNFa increases osteoclastic bone resorption in the presence of RANKL Fourteen-day cultures of CD14 + cells or of PBMCs in RANKL and TNFa (+M) generated typical CTR and TRAP positive multinucleate cells on dentine slices. In cultures of PBMCs with RANKL 30 ng/ml, a dose-resorption correlation with TNF was noted, increasing from a mean (SD) of 23 (4.6)% at 0.1 ng/ml to 53.1 (15.8)% at 10 ng/ml ( fig 1A) . Adding TNFa 1 ng/ml significantly increased the area of resorption of the dentine slices at each dose of RANKL (fig 1B) , up to threefold when added to RANKL (5 ng/ml), from 3.84 (3.2)% to 11.23 (9.7)%.
TNFa generates functional osteoclasts in the absence of added RANKL only in mixed PBMC cultures PBMCs cultured in TNFa 1 ng/ml and M-CSF 25 ng/ml generated small numbers of osteoclastic resorption pits, occupying only 1.02 (SD 1.26)% of the total dentine surface (fig 2A) . OPG 200 ng/ml or neutralising antibody to RANKL was added to parallel PBMC cultures on cell isolation through the 14-day culture period. These PBMCs similarly formed functional osteoclasts in M-CSF with TNFa ( fig 2B) . In contrast, repeated experiments with CD14 + cells cultured in the M-CSF and TNFa did not generate osteoclastic pits, though CTR positive cells were noted (fig 3) .
Timing of exposure to RANKL and TNFa is critical When PBMCs were cultured in M-CSF 25 ng/ml, RANKL 30 ng/ml, and TNFa 1 ng/ml from the first day of culture, significant increase in resorption area was seen, as noted above. In contrast, adding TNFa on day 4, 7, or 10 of culture did not increase resorption area over controls (fig 4) . When RANKL 30 ng/ml was delayed until the fourth day of culture, resorption was considerably less than in cultures where RANKL was present from the first day of culture (figs 4 and 5). Resorption was reduced in those cultures exposed to both TNFa and M-CSF rather than M-CSF alone before adding RANKL (1.4 (SD 1.23)% or 2.9 (SD 1.54)%, respectively, p = 0.01), compared with 49.3% when RANKL and TNFa were present from the first day; fig 5) .
RANKL-independent osteoclast function requires IL1
The addition of exogenous IL1 was not required in our experiments for the generation of functional osteoclasts from PBMCs cultured in M-CSF and TNFa alone. In view of experiments described earlier, 15 we considered that IL1 might be produced in these cultures. Osteoclastic bone resorption did not occur in PBMC cultured in M-CSF and TNFa in the presence of the IL1 receptor antagonist (IL1Ra). Furthermore, resorption of the dentine surface did occur in cultures of CD14 + cells when IL1b was added during the second week to M+TNFa (fig 3) .
DISCUSSION
TNFa and IL1 are critical cytokines in the pathogenesis of joint inflammation in RA. However, recent studies of biological treatments have suggested that these cytokines also influence joint erosion. [22] [23] [24] In contrast, studies in animal models of arthritis suggest that bone erosion is exclusively mediated by RANKL. 25 Therefore, gaining a greater understanding of the interactions between these cytokines is important.
The availability of soluble RANKL has enabled studies of in vitro osteoclastogenesis without the confounding effects of stromal or osteoblastic cells. Using human circulating osteoclast precursor cells, we confirmed that TNFa has a potent synergistic effect on RANKL induced osteoclastogenesis across a range of doses of both cytokines, as reported in animal studies. [14] [15] [16] We also found that phenotypic (TRAP and CTR positive) and functional (resorptive) osteoclasts were consistently generated from PBMCs cultured in M-CSF and TNFa without adding RANKL or in the presence of saturating doses of the RANKL inhibitors OPG or a neutralising antibody. Positive staining with calcitonin receptor antibody and similar depth of resorption to pits formed by RANKL generated osteoclasts confirm that the resorption generated independently of RANKL was osteoclast mediated, in contrast with claims by some authors of nonosteoclast mediated resorption. In murine 14 15 and rat 16 studies, TNFa directly induced the formation of TRAP positive multinucleate cells with resorptive function without addition of RANKL. The effect was completely abrogated by blocking the p55 receptor, 14 but was not affected by OPG-Fc. 14 In contrast, Komine et al reported synergism between TNF and soluble RANKL but no RANKLindependent activity, 17 and Lam et al concluded that macrophages had to be exposed to permissive levels of RANKL for TNFa to promote osteoclast formation. 18 In previous experiments we confirmed that 200 ng/ml of OPG completely inhibited osteoclast resorption generated by up to 30 ng/ml (soluble) RANKL, and we are not aware of any data to suggest that OPG is less potent in inhibition of membrane bound RANKL that might have derived from lymphocytes in the unsorted PBMC population. We added OPG or RANKL neutralising antibody from the earliest time at which significant cell-cell interactions between RANKL and its receptor were likely to occur (that is, immediately after centrifugation/short incubations at 4˚C with magnetic beads), ensuring that the data from these experiments can be reasonably interpreted as indicating RANKL-independent effects.
Further considering the requirement for RANKL in our studies, we were struck by the inability to generate osteoclasts from cultures of CD14
+ cells in M-CSF and TNFa, in contrast with PBMC cultures. This was confirmed in three separate experiments, in all of which a positive synergistic effect was noted in simultaneous cultures of CD14 + cells in TNF with RANKL. We first considered that RANKL-independent osteoclastogenesis required a rare precursor that was not present at the lower cell density used. However, RANKL-independent osteoclastogenesis did not occur on increasing the CD14 + cell density from 1610 5 to 5610 5 cells/well (data not shown). We next considered whether the lymphocytes (the predominant CD14 2 cell type in PBMCs) were expressing RANKL, as reported in activated T cells. 26 However, neither the addition of OPG nor of a neutralising antibody to RANKL inhibited or reduced the osteoclast formation in these cultures ( fig 2B) . In contrast with a previous report, 15 the addition of IL1 was not required in our study for fully functional osteoclast formation from PBMCs cultured in M-CSF and TNFa. As IL1 was subsequently found to be an important constituent of ''osteoclast activating factor'', which required interaction between lymphocytes and monocytes for its production, 10 we investigated if interaction between lymphocytes and CD14 + monocytes was occurring in our PBMC cultures with the production of endogenous IL1. As addition of IL1Ra or inhibition of IL1 with neutralising antibodies to both forms of this cytokine (IL1a and b) prevented the RANKLindependent formation of osteoclasts in cultures of PBMCs, and IL1 resulted in resorptive activity in cultures of CD14 + cells in M-CSF and TNFa, we conclude that IL1 is produced when T cells and monocytes interact (at least in the presence of TNFa) and substitutes for RANKL. Other osteoclastogenic cytokines produced by lymphocyte-monocyte interaction include IL15 27 and IL17. 28 The latter is believed to act exclusively through up regulation of osteoblast expression of RANKL, whereas IL15 acts directly on osteoclast precursors. 27 Its role was not formally evaluated in the present study, although our data relating to IL1 suggest that IL15 cannot substitute for RANKL in this way.
Using human osteoclast precursors, Kudo et al recently demonstrated similar TNFa mediated RANKL-independent osteoclast differentiation. 29 In their experiments, purified CD14 + cells also apparently generated resorption pits in response to TNFa and M-CSF without adding IL1. However, no details are provided and inhibitor studies with neutralising anti-IL1a antibodies were only carried out using unsorted PBMCs as precursors. Cells were cultured for 6 days before addition of TNFa, with or without IL1 or the neutralising antibody. Most significantly, OPG was also delayed until this time, and RANKL priming cannot be excluded in these experiments. These authors also investigated RANKLindependent osteoclastogenesis from cells extracted from the pseudomembrane of loosened hip arthroplasties. 30 As RANKL expression has also been reported in this tissue, precursor priming again cannot be confidently excluded. Interestingly, Hirayama and colleagues recently reported that TNFa did not increase RANKL mediated osteoclastogenesis. 31 However, these cultures were carried out with dexamethasone, which others from this group 29 had already shown to inhibit the effects of TNFa.
In murine osteoclastogenesis experiments, 18 maximal response to TNF occurred when this cytokine was added 2-4 days after initial exposure to RANKL. In our study TNFa similarly affected the early phase of osteoclastogenesis-that is, during proliferation and differentiation of precursors. Erwig et al have also demonstrated the effect of initial cytokine exposure on subsequent differentiation of pluripotent macrophages. 32 Our results from the experiments in which exposure to RANKL was delayed ( fig 5) suggest that TNFa drives pluripotent cells to differentiate away from the osteoclast lineage (or to apoptosis) unless they are simultaneously exposed to RANKL. The results support previous work 18 showing that prior exposure to RANKL is critical for TNFa to increase osteoclastogenesis above that induced by RANKL alone, though RANKL-independent osteoclastogenesis also occurs. Other reports suggest that transforming growth factor b may similarly support TNFa mediated osteoclastogenesis. 20 33 Our findings are consistent with recent advances in understanding downstream signalling pathways of TNFa, RANKL, and IL1 (reviewed by Gravallese et al 34 ) . TNFa induces apoptosis, but in the presence of a survival factor (such as M-CSF or RANKL) augments signalling through shared pathways. 35 IL1 shares downstream signals with RANKL (for example, TRAF6) that are important in osteoclast activation (as opposed to osteoclastogenesis). This is consistent with the observation that this cytokine was necessary (in the absence of RANKL) for osteoclast resorptive function, though not for proliferation and differentiation of precursors.
In conclusion, we have shown that the synergism between RANKL and TNFa previously demonstrated in animal studies also occurs in cultures of human circulating osteoclast precursors, from which synovial osteoclasts derive. We have also shown that the timing of exposure to these cytokines is critical, and that IL1 may substitute for RANKL in activation of TNFa generated osteoclasts. In particular, our studies highlight the importance of interactions between lymphocytes and potential osteoclast precursors. These findings are particularly relevant in the pathogenesis of joint erosion in RA.
